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SUMMARY 


This  report  presents  the  work  performed  during  the  period  July  1, 
1953*  to  December  31,  1953 > on  "A  Study  of  the  Fundamentals  of  Combustion 
jointly  sponsored  by  the  Office  of  Naval  Research,  Science  Division, 

Bower  Branch  and  by  the  Institute  of  Qes  Technology  In  the  laboratories 
of  the  institute  of  Oas  Technology  at  Chicago,  Illinois. 

The  results  of  a study  of  the  burning  velocity  of  the  methane- 
oxygen-nitrogen  system  at  a theoretical  adiabatic  flaae  temperature  of 
2230°K  at  one  atmosphere  pressure  are  presented.  Ten  mixtures  which 
yield  theoretical  adiabatic  flame  temperatures  of  2250°K  at  one  atmo- 
sphere pressure  were  calculated  for  each  of  the  systems  msthans-oaygsa- 
nltrogen,  me  thane -oxygen-argon,  and  me  thane -oxygen-helium . 

The  burning  velocities  of  the  methane  -oxygsn-nj  trayp  system 
225C^u  were  substantially  higher  than  the  burning  velocities  for  the 
2000°K  Isotherm  previously  reported.  Far  the  system  me  thane -oxygen- 
nitrogen.  at  22*>0°K  a maximum  burning  velocity  was  observed  In  the  7. 0:1.0 
to  8. 0:1.0  oxygen,  to  methane  mole  ratio  range,  which  Is  approximately  the 
same  m far  the  20a£>c‘K  isotherm. 


EXPERIMENTAL  HiOCEDURE 

The  burning  velocities  were  experimentally  determined  on  a Toeppler- 
Schlleren  type  optical  system.  Combustion  took  place  on  a one-quarter 
Inch  water- jacketed  burner  tube.  The  burner  Inlet  composition  was  deter - 
minted  by  a metering  panel  which  incorporates  the  usual  jeweled -edge 
critical  flow  orifices.  Each  of  the  mixture  components  was  metered 
separately  through  Its  own  critical  flow  orifice.  The  mass  spectrometer 
analyses  of  these  pure  gas  components  are  given  in  Table  I.  The  sepa- 
rate streams vere  joined  at  a mixing  tee  and  passed  to  the  burner. 


fte  cone  height  of  the  flam  «ai  measured  from  flame  photographs, 
enlarged  on  an  average  to  six  diameters.  The  surface  area  of  the  flame 
was  then  calculated  from  the  equation 


Where  VB  - Burning  velocity  1c  ft  ./sec. 

Vq  - Gas  velocity  in  burner  in  ft  ./sec. 

H = Flame  height  In  centimeters,  and 
D s Diameter  of  burner  in  centimeters 
Oils  equation  assumes  the  flame  shape  to  be  that  of  a right  circu- 
lar cone. 

Each  of  the  burner  inlet  gas  compositions  vas  calculated  to  yield 
a theoretical  adiabatic  flame  temperature  of  22bOcK  at  one  atmosphere 
pressure. 

The  burner  inlet  gases  were  fed  at  a Reynolds  number  of  1200  except 
for  the  etolchioRietrlo  mixture.  It  vas  found  necessary  to  decrease  the 

flow  rat®  of  this  mixture  to  obtain  a stable  flame* 

DISCUSSION 

Van  mixtures  ware  calculated  for  the  methane-oxygen-nitrogen  system 
at  the  2250°K  flame  temperatures  (Fig.  1 and  Tables  H and  IH) . The 
burning  velocities  of  these  mixtures  vere  determined  an  a one-quarter 
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plots,  the  results  to  date  are  tabulated  In  Table  IV  and  are  shown 
graphically  in  Fig.  2.  Data  for  the  2000°K  Isotherm  are  also  shown  for 


burning  velocities  vere  considerably  higher.  The  general  shape  of  the 

f 

burning  velocity  isotherm  is  the  a ame  as  at  the  lower  (2000°K)  flame 
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temperature.  A maxim®  valt»  was  experienced  at  an  oxygen  to  methane 
ratio  of  8. 0:1.0,  on  the  methane-  oxygen-nitrogen  2000%  eye  tom.  The  same 
ay* tom  at  2250%  uea  found  to  exhibit  a similar  esshaun  burning  velocity 
In  the  same  fuel-lean  range  of  the  isotherm.  The  stoiohlaaetrie  mixture 
resulted  in  blow-off  at  a Reynolds  number  of  1200.  The  flow  rate  of  this 
mixture  mas  reduced  to  a Reynolds  number  of  825  for  the  burning  velocity 
determination. 

Ten  mixtures  were  calculated  for  the  me  thane -oxygen -argon  and 
methane -oxygen-helium  systems  which  yield  a flame  temperature  of  2250°K 
assuming  chemical  and  thermal  equilibrium  at  the  fleme  front  end  under 
adiabatic  conditions . 

The  burning  velocities  of  these  two  systems  will  be  investigated  for 
the  purpose  of  comparison  to  the  same  systems  at  the  2000°K  flame  temper- 
ature. In  Report  ISO.  S the  possibility  of  radial  diffusion  was  presented 
as  being  the  cause  for  unexpected  results  on  the  methane -oxygen -argon 
2000°K  system.  This  Investigation,  when  completed,  should  establish 
whether  this  diffusions!  mechanism  Is  of  importance.  The  results  of 
these  equilibrium  calculations  on  helium  and  argon  mixtures  are  presented 
In  Tables  V and  VI. 


(1) 


conclusions 

Raising  the  flame  temperature  from  2000%  to  2250%  displaces  the 
burning  velocity  of  the  system  throughout  the  range  of 
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isotherms  are  similar. 

(2)  Maximum  burning  velocities  for  the  CH4-O2-N2  system  at  both  2000% 

and  2250%  were  exhibited  In  the  fuel  lean  range  of  the  Isotherms. 


RECOMMENDATIONS 

(l)  Complete  the  present  work  on  the  2250%  isotherm  of  the  methane - 

oxygen-nitrogen  system  and  correlate  these  results. 


(2)  Complete  measurement  of  the  burning  velocities  fop  the  methane- 
oxygen-argon  and  methane -oxygen-bellum  systems  at  2250°K. 

(3)  Correlate  these  data  and  the  past  (2000%)  data  on  the  same  systems 
with  the  transport  properties  of  the  systems. 


TABLE  I 


Methane 
Mole  g 

99.7  - C% 

0.1  - CgBfe 

0.1  - co2 

0.1  - Ng 


a» 

99.7  - Og 

0.2  - CO^ 

0.1  - A 


Nitrogen 
Mole  jT 

99.75  - »2 
0.14  - 02 

0.01  - co2 

0.10  - A 


TABLE  II 

Bmaer.  Inlet  Ota  Coropoaltlcpa  for  jfaft  Hettene-GirTOn-lfltarpOTn 

Sp-tss;  S Allow  tlw  rxH0*>  lymuorature  ox  ; <£t~xJ~K 


Mole  Ratio 
Oxygen  to 
Methane 

Mole  Ratio 
Nitrogen  to 
Methane 

Mole  Percent 
Methane 

Mole  Percent 
Oxygen 

Mole  Percent 
Nitrogen 

0.86 

0.00 

53.87 

46.13 

0.00 

1.2 

2.16 

22.93 

27.52 

49.55 

2.0 

7.28 

9.72 

19.45 

70.83 

3.0 

6.48 

9.54 

28.63 

61.82 

4.0 

5.40 

9.61 

38.46 

51.93 

5,0 

4.31 

9.70 

48.49 

41.82 

tC  ** 
v«w 

9.70 

DO  07 

Di.07 

7.0 

2.19 

9.81 

68.67 

21.52 

8.0 

1.16 

9.85 

78.77 

11.38 

9f  S 

0*00 

9«8l 

90.19 

0 * 00 

TABLE  m 


atUteton  gaapoaltloa  of  M 


flg  U» 


■System, at  a TtirtretJ— 

at  One  Attnoatfaere  Pressure. 


Datum  Temperature  3009K 


flaoMa  to  Jjfeflmt  Ratio 


Products 

0.86 

1.2 

2.0 

3.0 

4.0 

COg 

0.02324 

0.03835 

0.08608 

0.09244 

0.09390 

CO 

0.350721 

0.15449 

0.01033 

0.00268 

0.00191 

V 

0.21129 

0.22498 

0.18726 

0.18627 

0.18726 

OH 

0.00030 

0.00054 

0.00284 

0.00577 

0.00691 

Hg 

0.45098 

0.15896 

0.00394 

0.00095 

0.00067 

°2 

0.00000 

0.00001 

0.00529 

0.09086 

0.18440 

H 

0.00498 

0.00296 

0.00047 

0.00023 

0.30019 

0 

0.00000 

0.00001 

0.00029 

0.00121 

0.00172 

HO 

0.00000 

0.00610 

0.00222 

0.00859 

0.01118 

*2 

0.00000 

0.41363 

0.70128 

O.6H88 

0.51115 

H 

0.00000 

0.00000 

0.00001 

0.00000 

0.00000 

sag 
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TABLE  m (Coat’d) 

Goopoeltloo  of  the  Products  for  the  Me  thane -Qxygen- 
item  at  a Theoretical  Adiabatic  Flame  Tampere ture  of 
ip  Atmoaphere  Breosure 


Datum  Temperature  30C°K 

s 

t 

Owwa  to  MithM*  Ratio 


Products 

5.0 

6.0 

7*0 

8.0 

9.2 

COg 

0.09495 

0.09587 

0.09644 

0.09671 

0.09654 

CO 

0.00156 

0.00136 

0.00121 

0.00111 

0.00101 

%0 

0.18&T5 

0.18941 

0.19006 

0.19056 

0.19005 

OH 

0.00770 

0.00835 

0.00884 

0.00927 

0.00970 

% 

0.00054 

0.00047 

0.00042 

0.00038 

0.00035 

Gg 

0.28161 

0.58019 

O.47989 

0.57927 

0.69915 

H 

0.00017 

0.00016 

0.00015 

0.00015 

0.00014 

0 

0.00215 

0.00247 

0.00278 

0.00305 

0.00355 

HO 

0.01258 

0.01248 

0.01151 

0.00913 

0.00000 

* 2 

0.41029 

0.30903 

0.20829 

0.10853 

0.00000 

N 

0.00001 

0.00001 

0.00001 

0.00000 

r»  nnnnrt 

TABLE  IV 


Experimental  Data  fop  the  Methane-Qxygen-Hitrogen  System  at  2250°K  and 

Ops  Atmosphere  Pressure 


Oa 

<• 

CH4 

H 

T> 

Cons  Hslidit 
Tort  HA— star 

Q 

Volumetric  Flow 
Rato  at  25°0  & 
29;<g"  Hg 
(v/JPH) 

V 

Average  Gas 
Veloolty  at 
252C"?g-92”Hfe 
(Pt./Sec.) 

%e 

Reynolds 

RUmber 

VB 

Burning 

Velocity 

(Pt./Sec.) 

0.86 

6.69 

19.197 

15-645 

1200 

1.55 

1.2 

VO 

is 

10.608 

8.644 

1200 

0.64 

2,0 

2.65 

7.159 

e Ot»i» 

Jt  * 

CVir 

*1 

JL  # 

3.0 

2.62 

30.090 

8,222 

1200 

2.03 

4.0 

2.15 

9.921 

8.084 

1200 

2.38 

5.0 

1.93 

9.916 

8.080 

1200 

2.64 

6.0 

1.81 

10.079 

8.213 

1200 

2.83 

7.0 

1.79 

10.403 

8.477 

1200 

2.95 

8.0 

1.95 

10.883. 

8.867 

1200 

2.94 

9.2 

2.14 

11.602 

9.454 

1200 

2.81 

TABLE  V 


Burner  Inlet  Gas  Compositions  for  tbs  Methane -Oxygen-Argon  and  Methane- 
Oxygen-Helium  Systems  at  a Constant  Theoretical  Adiabatic  Flame  Temper- 
ature  of  2250°K  at  One  Ataoerphere  Pressure 


Mole  Ratio 
Oxygon  to 
Methane 

Mole  Ratio 
Inert  to 
Methane 

Mole 

Percent 

Methane 

Mole 

Percent 

Oxygen 

Mole 

Percent 

Argon  or  Helium 

0.86 

0.00 

55.87 

46.13 

0.00 

1.2 

3.77 

16.75 

20.10 

65.15 

1.6 

8.16 

9.29 

14.87 

75.84 

2.0 

11.45 

6,9? 

15*04 

« ^ *tm»  * 

3.0 

10.59 

6.85 

20.57 

72.58 

4.0 

7.15 

8.23 

52.94 

58.83 

5.0 

7.14 

7.61 

38.04 

54.36 

6.0 

5-46 

8.02 

48.14 

45.85 

7.0 

3.75 

8.51 

59.58 

31.91 

8.0 

2.06 

9.04 

72.54 

18.62 

9.2 

0.00 

9.81 

90.19 

0.00 

TABUS  VI 


Equilibrium  Composition  of  the  Produo ts  for  the  Hethane-Oaygen-Argon 
anfl  ttotham-Oxygen-aalina  Systems  at  a Theoretical  Adiabatic  Flame 
Temperature  of  2250°K  at  One  Ataoerbere  Pressure 

Datum  Temperature  300°K 


OXYGEN  TO  METHANE  RATIO 


ftrodarta 

0.86 

1.2 

1.6 

2.0 

3,0 

4.0 

COg 

0.0852% 

0.03074 

0.04447 

0.05869 

0.06616 

0.07085 

CO 

0.50721 

0.11666 

0.04504 

0.01085 

0.00282 

0.00168 

jggyyr 

C .81129 

v.x(K*jy 

0.15115 

o.i525y 

0.13359 

0.14029 

OH 

0.00030 

0.00049 

0.00088 

0.00198 

0.00454 

0.00561 

*8 

0.45098 

0.11719 

0.02684 

0.00406 

0.00078 

0.00057 

0.00000 

0.00000 

0.00007 

0.00250 

0.06795 

0.14271 

0 

0.00000 

0.00001 

0.00003 

0.00020 

0.00104 

0.00151 

TT 

JL\ 

0.00498 

0.00254 

0.00121 

0.00047 

0.00021 

0.00018 

A or  Be 

0.00000 

0.55629 

0.75032 

0.78925 

0.72351 

0.63726 

TABLE  VI  (Cont'd) 


Equilibrium  Composition  of  tba  Products  for  the  M»tbAno*Qzraon-Argon 
and  Hatbano-Ozjgon-HaUum  Sbrateu  at  a Theoretical  Adiabatic  Plano 
„ Temperature  of  2250°K  at  (too  Atmosphere  Pressure 

Saturn  Temperature  300% 


OXYGEN  TO  METHANE  RATIO 


Product* 

5.0 

6.0 

7.0 

8.0 

9.2 

COa 

0.07^2 

0.07876 

0.08367 

0.08904 

0.09665 

00 

0.00137 

0.00122 

0.00113 

0.00106 

0.00101 

h20 

0*14779 

0.15586 

0.16513 

0.17559 

0.19005 

OH 

0.00645 

0.00722 

0.00797 

0.00873 

0.00971 

Be 

0.00048 

0.00042 

0.00039 

0.00037 

0.00035 

% 

0.225&T 

0.31732 

0.42114 

0.53693 

0.69915 

0 

0.00190 

0.00226 

0.00260 

0.00294 

0.00335 

H 

0.00016 

0.00015 

0.00015 

0.00014 

0.00014 

A or  Bo 

0.54155 

0.43679 

0.31783 

0.18541 

0.00000 

